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A B S T R A C T
A thin-ﬁlm composite (TFC) FO membrane was used to study the fouling characteristics of eﬄuent organic
matter (EfOM) fractions in treated wastewater eﬄuent represented by alginate, bovine serum albumin, humic
acid and octanoic acid. These model foulants were chosen to represent carbohydrates, proteins, humic sub-
stances and fatty acids. Inter foulant interactions and their inﬂuence on membrane ﬂux loss was established by
running series of fouling tests with feed solutions containing mixtures of model foulants. The obtained results
demonstrated that under our experimental conditions humic acid (HA) and octanoic acid (OA) had no signiﬁcant
role on permeate ﬂux loss during wastewater treatment over short periods. However, alginate and bovine serum
albumin (BSA) and their mixtures caused signiﬁcant total ﬂux loss, through alginate-calcium complexation that
led to the formation of a resistant gel layer on the membrane surface. Protein fouling was mainly attributed to
multiple layer adsorption onto the polyamide membrane surface. Mixing alginate with BSA saw a further decline
in permeate ﬂux, worse than that caused individually by either of the foulants, and gives an indication of the
synergistic eﬀect between the two foulants. There were favourable inter-foulant interactions between the car-
bohydrates and the proteins that promoted the formation of hybrid aggregates that were deposited on the
membrane surface and enhanced ﬂux loss. The additional presence of humic acid to the mixture of BSA and
alginate further aggravated membrane fouling. Polysaccharides and proteins were found to be the most domi-
nant foulants during wastewater reclamation. The extent of interactions between the organic foulants had an
eﬀect on the fouling layer structure and its role in permeate ﬂux loss.
1. Introduction
Wastewater treatment for the purposes of supplementing the con-
tinuously decreasing fresh water supplies has caught global attention
amongst water authorities and researchers as a potential alternative
fresh water source [1–3]. This has prompted several research studies
that focus on the viability and eﬃciency of using such feed streams in
membrane-based separation processes [4–6]. The potential beneﬁt of
using wastewater as a feed stream in water treatment include its con-
stant availability through-out the year and it could also be a means of
limiting contamination of aquatic environments from treated industrial
eﬄuent that contains various pollutants [7]. Apart from the inorganic
compounds and particulates in wastewater eﬄuent it also contains ef-
ﬂuent organic matter (EfOM) which comprises a range of low- to high-
molecular-weight organic compounds such as polysaccharides, pro-
teins, humic and fulvic acids, organic acids and lipids [8,9]. Thus,
membrane ﬁltration processes are ideal as advance treatment steps for
such feed streams due to their excellent rejection abilities of a wide
array of contaminants. However, one key drawback of using waste-
water as a feed stream is the intense fouling that is mainly caused by
fractions of EfOM [7,8,10].
Membrane fouling is a consequence of the interaction between the
membrane and the feed solution, which maybe a complex mixture
comprising of colloids, bacteria ﬂocs and dissolved organic macro-
molecules [11]. The adverse impacts of fouling on membrane perfor-
mance and the overall water treatment system is well documented in
previous studies, and it includes reduced membrane lifespan, poor
permeate quality, increased applied pressure and inﬂated overall
treatment costs [5,12]. One strategy of minimising both energy con-
sumption and membrane fouling during wastewater eﬄuent treatment
is the possibility of using forward osmosis membrane process as a pre-
treatment step. This process is dependent on the solute concentration
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diﬀerence between the feed solution and draw solution that drives
water across a semi-permeable membrane, therefore; there is no ap-
plication of external hydraulic pressure and thus fouling is largely re-
versible [13].
In this work the thin ﬁlm composite (TFC) membrane was chosen to
conduct fouling tests using feed streams simulating secondary treated
wastewater eﬄuent. This water characteristically contain eﬄuent or-
ganic matter (EfOM) which is known to contribute signiﬁcantly to or-
ganic fouling of nanoﬁltration (NF) and reverse osmosis (RO) mem-
branes in advanced wastewater reclamation processes [14–19]. The
chemical complexity and heterogeneous nature EfOM presents a chal-
lenge to developing proper understanding of the role of inter-foulant
interactions in permeate ﬂux decline as well as fouling layer formation.
Numerous ﬁndings have attributed the observed severe ﬂux loss to
synergistic eﬀects between co-existing foulants [20]. Ang et al. [21]
reported a synergistic fouling eﬀect when RO membranes were fouled
by both alginate and bovine serum albumin (BSA). Foulant-foulant
adhesion forces were found to increase with calcium concentration.
Zhao and co-workers then investigated the interactions between EfOM
fractions and RO membranes [22]. It was revealed that hydrophilic
neutral fractions, mainly composed of small sized carbohydrates re-
sulted in the highest ﬂux decline and exhibited highest aﬃnity towards
the membrane. However, in contrast to previous ﬁndings, they found
that extracellular polymeric substances (EPS) did not cause signiﬁcant
ﬂux loss.
In another study by Ang et al. [23] RO membranes were fouled by a
mixture of organic foulants simulating wastewater eﬄuent using algi-
nate, BSA, Suwannee river natural organic matter (NOM) and octanoic
acid. They found that membrane fouling was governed by alginate in
the presence of Ca2+ which was in turn inﬂuenced by alginate ag-
gregate size and conformation in the bulk solution. Li et al. [24] in-
vestigated a diﬀerent inﬂuential factor where the role of RO membrane
surface properties in membrane fouling by BSA and sodium alginate.
Experimental results revealed that membrane surface roughness had
the greatest eﬀect on fouling by the biopolymers. A considerable sy-
nergistic eﬀect was observed when both BSA and alginate co-existed in
the same feed solution which was attributed to the large foulant particle
sizes resulting from the formation of BSA-alginate aggregates. Another
importance of membrane surfaces was reported by Wang and Tang
[25], who observed that membranes with smoother and more hydro-
philic surface turn to possess favourable electrostatic repulsion ex-
perienced less initial ﬂux membrane fouling. The inﬂuence of mem-
brane surface was also highlighted by Mo et al. [26], who found that
protein-membrane interactions inﬂuenced the fouling behaviour of
polyethersulfone ultraﬁltration membranes.
The above mentioned studies oﬀers insight onto the inﬂuence of
both feed composition and membrane surfaces on membrane fouling
using pressure driven processes (RO). However, the few studies con-
ducted in forward osmosis oﬀer little insight into membrane fouling
mechanisms but rather a performance evaluation of the process in di-
rect wastewater reclamation [27]. Linares et al. [28] assessed the eﬃ-
ciency of a submerged FO system to treat wastewater. Permeate ﬂux
loss was attributed formation of fouling layer on the membrane surface
which was mainly composed of biopolymer-like substances. Another
attempt to treat wastewater was made by Achilli et al. [29] where they
utilized a submerged FO membrane inside a bioreactor and found that
fouling was mild and permeate ﬂux was almost completely restored
using osmotic backwash.
This literature review has availed valuable information into mem-
brane fouling behaviour and the characteristic fouling potential of
wastewater eﬄuent components. Proper understanding of the chemical
composition of wastewater is important since it can help predict pos-
sible of reactions and interactions amongst organic foulants and in-
organics [30–33]. However, the systematic understanding of the in-
teractions between the diﬀerent EfOM fractions is still poorly
understood. The labile nature and complex structure of biological
foulants such as proteins brings additional challenges in fouling char-
acterization. Thus, in this work we aim at investigating the exact inter
foulant interactions that inﬂuences permeate ﬂux decline and the
fouling layer formation when the EfOM fractions co-exist in feed
streams. Fouling tests were performed using the high performance
polyamide modiﬁed TFC FO membrane with hydrophilic surfaces.
Particular emphasis was made to identifying EfOM fractions with a
superior role to permeate ﬂux loss during wastewater eﬄuent treatment
by performing sequential and combined foulant experiments.
2. Experimental
2.1. Model foulants
Several parameters can be used to describe typical wastewater, and
composition is one of the universally used parameter. Typical domestic
wastewater eﬄuent organic matter (EfOM) can be generally char-
acterized by varying concentrations of proteins, carbohydrates, aquatic
humic substances and oil/fats [2], thus for the purposes of this work we
chose bovine serum albumin (BSA), sodium alginate (ALG), humic acid
and octanoic acid to represent the previously mentioned EfOM frac-
tions. These model organic foulants were supplied by Sigma-Aldrich, St
Louis MO. Bovine serum albumin, sodium alginate and humic acid were
received in powder form and stock solutions (1 g/L BSA; 2 g/L alginate;
2 g/L humic acid) were prepared by dissolving each foulant in deio-
nised water. The stock solutions were continuously stirred over 24 h to
ensure complete dissolution of each foulant and then kept at 4 °C. A
stock solution of octanoic acid was also prepared in DI water (1 g/L)
and its pH was adjusted to around 6.7 using 0.1M NaOH prior to ad-
dition to the feed solution.
2.2. Forward osmosis membrane
The ﬂat sheet thin-ﬁlm composite membrane (OsMem™ thin-ﬁlm
composite (TFC-ES)) was the principal membrane used in all fouling
tests and was supplied by Hydration Technologies Inc. (HTI), Albany,
OR, USA. The measured intrinsic membrane separation parameters
were as follows: salt rejection (R) was 98.2%, pure water permeability
(A) was 1.17 L/m2 h bar, salt permeability coeﬃcient (B) was
0.2×10−7 m/s, and a membrane structural factor (S) of 1227 μL
[34–36].
2.3. Foulant and gel layer characterization
2.3.1. Dynamic light scattering
Dynamic light scattering experiments were performed to measure
the average hydrodynamic diameters of all four foulants using a
Malvern Nanosizer (Malvern Instruments, UK). The same foulant con-
centration and ionic composition as those used for fouling experiments
were used during size determination analysis. Macro-particle surface
charge in the feed solution was monitored using the same instrument by
measuring electrophoretic mobility which is then converted to zeta
potential.
2.3.2. Microscopic characterization
The topology, structure and roughness of the TFC membrane and
the fouling layers were characterized using an atomic force microscope;
AFM, Alpha30 (WITec focus innovations, Ulm, Germany). Scanning
electron microscopy (SEM) was also carried out to investigate the
morphology of the fouling layers using a Jeol IT300 microscope (Jeol
Ltd, Tokyo, Japan).
2.3.3. Streaming potential measurements
Streaming potential measurements were carried out with a SurPASS
Electrokinetic Analyzer, (Anton PaarGmbH, Graz, Austria) to determine
membrane surface charge before and after ﬁltration experiments.
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Measurements were carried out using 0.01mol/L KCl aqueous solutions
at 25 °C and the solution pH was 6.25. Membrane samples were ﬁrmly
attached to measuring cell blocks of 10×20mm. The background
electrolyte (KCl) was passed tangentially across the ﬂat membrane
surface at an operational pressure of 200mbar. The induced streaming
potential was then measured by Ag/AgCl electrodes. The relationship
between the measurable streaming potential and the surface zeta po-
tential is given by the well-known Helmholtz-Smoluchowski equation
(Eq. (1)).
=ζ E
P
ηκ
ε εΔ
s
r 0 (1)
Where: Es is the streaming potential (mV), ΔP is the hydrodynamic
pressure diﬀerence (Pa), η is the liquid viscosity (0.89×10−3 Pa s), κ is
the liquid conductivity (mSm−1), εr is the liquid permittivity (78.38),
and ε0 is the permittivity of free space (8.854×10−12 s m−1).
2.3.4. Drop shape analysis
Advanced contact angle measurements were employed to determine
the apolar Liftshitz-van der Waals (γLW) and polar (γAB) components of
surface free energy of the clean and fouled membrane. Three well-
characterized probe liquids with known surface tension components,
such as deionised water, glycerol and diiodomethane were used for
contact angle measurements using the Kruss Drop Shape Analyzer,
DSA30 (KRUSS GmbH, Germany) which was equipped with a video
camera linked to a computer program. The sessile drop method was
used to measure the contact angles of the liquids (about 3 μL) on the
clean and fouled membrane surfaces at 25 °C. A minimum of 15 mea-
surements on diﬀerent spots of the membrane sample were performed
and averaged to obtain the contact angle of the measured membrane
sample. According to van Oss et al., the surface free energy is expressed
as the sum of the Liftshitz-van der Waals and the polar components (Eq.
(2)) [37].
= +γ γ γTOT LW AB (2)
Where: γTOT is the total surface free energy, (mJ/m2). The apolar
component (γAB; mJ/m2) of a material is given by:
=
+ −γ γ γ2AB (3)
Where: γ+ and γ− represent the electron acceptor and donor of the
polar component. The relation between the measured contact angle and
the surface free energy is expressed through the Young-Dupre equation
(Eq. (4)), which links the contact angle of a drop of a liquid placed on a
ﬂat solid surface with the surface tension of a liquid, according to van
Oss (2007) [38].
+ = + +
+ − − +γ cosθ γ γ γ γ γ γ(1 ) 2( )l s
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l
LW
s l s l (4)
Where θ is the measured contact angle and the subscripts ‘s’ and ‘l’
designate the solid and liquid phases, respectively.
2.3.5. Fluorescence excitation-emission matrix (FEEM) spectroscopy
Excitation-emission matrix spectra were obtained using a Horiba
Scientiﬁc Aqualog Spectroﬂourometer by JobinYvon Technology, USA.
Both the excitation and emission wavelengths were set from 200 to
800 nm. In addition, the slit widths for both excitation and emission
monochromators were set at 5 nm, and the scan speed was adjusted to
1200 nmmin−1. The EEM spectra of deionized water were obtained,
and it was subtracted from the EEMs of all samples examined to de-
crease the inﬂuence from the ﬁrst- and second-order Rayleigh and
Raman scattering.
2.4. Fouling protocol and FO laboratory unit
In order to simulate wastewater eﬄuent organic matter the desired
concentrations for the model foulants were set at 100mg/L, 80mg/L
and 20mg/L for BSA, alginate and octanoic acid, respectively. The
humic acid concentration used during fouling tests was set at 200mg/L.
NaCl and CaCl2 were added to each feed solution to adjust its ionic
strength to 20mM. The various feed solutions and their compositions
are listed in Table 1. The fouling characteristics and potential of the
organic foulants were determined by conducting single foulant ex-
periments for all four model foulants. Furthermore, possible synergistic
interactions between two or more foulants were investigated through
conducting ﬁltration tests using mixed foulants feed streams. The
concentration of the draw solution was ﬁxed at 3.0M NaCl for all ex-
periments and it yielded an initial permeate ﬂux of
22.12 ± 0.87 Lm−2 h−1.
The laboratory-scale cross-ﬂow ﬁltration test unit used in this work
is similar to that used in our previously published work [39]. It com-
posed of a ﬂat sheet membrane cell, variable gear peristaltic pumps
(Masterﬂex, Cole-Parmer, USA), and conductivity control (consort
multi-parameter conductivity meter), feed and draw reservoirs and data
acquisition system. The concentration of the draw solution was main-
tained at a constant value using a real-time conductivity monitoring
program using a Consort conductivity meter. Before to conducting each
membrane fouling test; baseline experiments were conducted with feed
solutions lacking the foulant. This was followed by the membrane
fouling experiments which were performed for 24 h. The active layer-
facing-feed solution (FO mode) conﬁguration was used during all
fouling tests. Both the feed and draw solutions had a ﬁxed cross-ﬂow
velocity of 10.0 cm/s.
2.4.1. Sequential fouling
In an eﬀort to study the speciﬁc interactions between the foulant
species, we conducted sequential fouling experiments where the
membrane was fouled by the two foulants with the most fouling po-
tential (BSA and alginate) in alternating sequences such that the com-
plete fouling experiment lasted for 48 h. After the ﬁrst 24 h of ﬁltration,
fresh solutions of both feed and draw solutions were replaced. All ex-
perimental conditions: feed solution chemistry and cross-ﬂow velocity
were kept the same as previous single and combined fouling tests.
Alginate and BSA were used to perform sequential studies based on
their high fouling potentials which were likely to yield signiﬁcant in-
formation on fouling mechanisms and inter-foulant interactions.
3. Results
3.1. Foulant and gel layer characterization
Dynamic light scattering (DLS) measurements provided information
on the hydrodynamic diameters of the foulant macro-aggregates in the
aqueous feed solutions. The values presented in Table 2 show the ag-
gregate sizes before and after the addition of NaCl and CaCl2. It also
shows the total permeate ﬂux decline percentages after ﬁltration of the
various feed streams. There is a clear inﬂuence of Na+ and Ca2+ on the
macromolecular size which signiﬁcantly increased after their in-
troduction. This is in line with previously reported studies where the
Table 1
Feed solution compositions and the corresponding draw solutions’ concentrations.
Membrane Feed solution
composition
Ionic strength (mm) Draw solution
concentration (M)
TFC BSA 20 (17
mMNaCl+1mM
CaCl2)
3.0
ALG
OA
HA
BSA+ALG
ALG+HA+OA
ALG+OA+BSA
ALG+HA+BSA
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inﬂuence of divalent cations (particularly Ca2+) on organic fouling was
investigated and using surrogate organic compounds [40]. Their pre-
sence has been described to aggravate fouling caused by organic fou-
lants via charge neutralization, complexation and forming calcium
bridges [41]. The changes in aggregate sizes were quite conspicuous
and the order of increasing particle size was BSA < humic acid <
alginate. This trend is in line with observed intensity of surface charge
reduction values.
The zeta potential values of all three primary foulants were found to
be negative; alginate and humic acid exhibited a high negative charge
mainly due to the presence of negative carboxylate groups. Therefore,
they had prominent interaction with the cations (both Na+ and Ca2+)
as evidenced by the large reduction in negative charges. The determi-
nation of both surface charge and hydrodynamic diameter of octanoic
acid was unsuccessful. BSA macromolecules had the lowest zeta po-
tential values (Table 2) and were least inﬂuenced by the cations.
The zeta potential and hydrodynamic sizes for mixed foulants were
inﬂuenced by species concentrations, molecular size and shape as well
as organic–organic interactions [42]. Therefore, the values presented
here are averages of a range of sizes and they should be viewed with
some reservation. Thus, the discussion is based on qualitative ob-
servations rather than on quantitative data. The inﬂuence of these ions
on the fouling potential of each foulant was found to vary; although,
alginate fouling was consistent with the observed physicochemical
(charge and particle size) changes. However, a noticeable deviation was
observed with humic acid which resulted in less fouling even in the
presence of calcium ions. A possible explanation for this anomalous
observation is the HA-Ca2+ ratio used for the purposes of this study;
this particular ratio included insuﬃcient calcium ions to complex with
HA. The presence of sodium ions was an additional factor as the Na+
competed with the Ca2+ for the negatively charged HA carboxylic
groups.
3.2. Fouling characteristics of single foulants
The impact of each foulant on permeate ﬂux was investigated by
ﬁltering all four single foulants in the presence of both Na+ and Ca2+
using the TFC-ES membrane. The resulting ﬂux decline proﬁles are
presented and compared in Fig. 1, the corresponding permeate ﬂux
drops are listed in Table 2. Permeate ﬂux drop caused by octanoic acid
was indistinct and almost unnoticeable, the water ﬂux was stable
throughout the ﬁltration experiment, indicating that no foulant de-
position occurred. A similar observation was made with humic acid; the
ﬂux decline curve was the same as that of the baseline experiment
suggesting that the only observed ﬂux decline was due to the increase in
feed solute concentration due to the inevitable decrease in feed solution
volume which in turn increased the feed’s osmotic pressure. According
to past studies the presence of Ca2+ can intensify humic acid fouling
due to the formation of humic acid-calcium complexes [41]. However,
humic acid is not very selective for calcium ions; in this case the Na+
ions were in abundance (17mM) compared to Ca2+ (1mM), and
therefore, they competed for the negative charges in humic acid leading
to the formation of small humic aggregates that were not easily de-
posited onto the membrane surface [40–42]. This was further supported
by the humic acid aggregate sizes that were measured in the presence of
Ca2+, Na+ and Ca2++ Na+ as they recorded average aggregate sizes of
278, 161 and 189 nm, respectively. Electrostatic interactions between
the negatively charged membrane (-9.4 mV) and humic acid particles
also played a role in its relative low deposition and adhesion, notably;
the humic acid maintained a negative charge (–27mV) even after the
introduction of cations (Table 2).
Contrary to octanoic acid and humic acid, distinctive permeate ﬂux
decline trends were observed with BSA and alginate despite being low
in concentrations compared to humic acid. Alginate had a higher initial
ﬂux decline rate compared to BSA. The signiﬁcant initial ﬂux decline
caused by alginate fouling is attributed to the already highlighted
complexation between calcium and negatively charged alginate poly-
anions leading to an increase in aggregate size and enhanced deposition
rate. Eventually the membrane surface is covered by a soft thick gel that
increased resistance towards permeate ﬂow. Thus, the adhesion of al-
ginate onto the membrane surface in the early stages of the ﬁltration
process can be attributed to permeation drag generated by initial
permeate ﬂux.
Membrane fouling due to BSA deposition showed a two-stage ﬂux
decline proﬁle, with the initial stage characterised by constant ﬂux
without decline, and then followed by a steep decline in permeate ﬂux.
This fouling proﬁle suggest that the less negative BSA molecules adsorb
onto the membrane surface; but, the adsorbed monolayer had negli-
gible eﬀect on the membrane ﬂux thus permeate ﬂux remained stable.
As ﬁltration proceeds, more protein molecules deposited on the ad-
sorbed BSA monolayer due to permeation drag forming a multi-layered
Table 2
Measured foulant zeta potentials, average hydrodynamic diameters and total ﬂux losses caused by the diﬀerent feed streams.
Feed streams Before salt addition After salt addition
Zeta potential (mV) Hydrodynamic diameter (nm) Zeta potential (mV) Hydrodynamic diameter (nm) Permeate Flux (%)
HA −46.7 ± 3.3 213.4 ± 9.6 −27.2 ± 0.8 198.5 ± 2.3 22
BSA −10.3 ± 1.1 3.8 ± 0.1 −2.1 ± 0.2 8.5 ± 0.1 66
ALG −54.2 ± 3.2 66 ± 4.2 −13.8 ± 1.1 261 ± 8.2 47
OA – – – – 17
ALG+BSA −66.3 ± 2.8 72.1 ± 3.8 −19.8 ± 3.4 349.2 ± 14.9 69
ALG+HA+OA −48.2 ± 4.5 256.6 ± 11.4 −19.4 ± 2.0 302.7 ± 18.7 24
HA+BSA+OA −51.6 ± 3.6 293.4 ± 14.7 −13.1 ± 1.1 376.5 ± 11.2 68
HA+BSA+ALG −61.9 ± 6.7 −308.8 ± 10.6 −18.8 ± 4.6 – <90
TFC Membrane −9.4 ± 1.5 – –
0 5 10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
Baseline 
ALG
BSA
HA
OA
Fig. 1. Permeate ﬂux loss trends due to fouling by model organic foulants representative
of EfOM fractions.
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ﬁlm that provided resistance to permeate ﬂow. It can therefore be as-
sumed that the interactions between adsorbed BSA molecules and in-
coming molecules favoured the formation of a multi-layered ﬁlm, and
at the initial stages macromolecular adsorption was governed by BSA-
membrane interactions. These observations conﬁrm or corroborate
ﬁndings made in earlier investigations that polysaccharides and pro-
tein-like fractions of wastewater eﬄuent were responsible for severe
membrane fouling during wastewater treatment [42,43]. The next
sections discusses the interactions between foulants when they co-exist
in the same feed solution in an attempt to underpin foulant–foulant
interactions during membrane fouling.
3.3. Eﬀect of co-foulants on permeate ﬂux loss
The two fractions that caused the most severe permeate ﬂux loss
(alginate + BSA) were mixed in the same feed stream and their com-
bined eﬀect on permeate ﬂux decline was investigated. The fouling
trend was then compared to those of the single foulants as displayed in
Fig. 2. The most outstanding observation is that the co-existence of
alginate and BSA caused further permeate ﬂux loss. The ﬂux decline
curve resembled that of BSA alone, characterised by the ﬁrst stable ﬂux
region followed by the high ﬂux loss rate until a steady ﬂux point was
reached. This indicates that BSA molecules had a primary eﬀect on the
formation of the combined fouling layer. The zeta potential results
suggest that the two foulants should repel each other because they
possess negative surface charges. However, the interactions between
the foulants seem to be governed by other forces beyond electrostatic
interactions; most likely hydrophobic interactions were more dominant
in the formation of alginate-BSA aggregates as supported by the ob-
served increase in foulant aggregate size when the two foulants were
present in the same feed solution (Table 1). BSA macromolecules were
incorporated into the alginate-calcium complexes [24,44]. These large
aggregates were easily deposited onto the membrane surface under
permeation drag forming a layer that also reduced the back-diﬀusion of
salts from the membrane surface to the bulk solution. It can therefore be
concluded that the addition of alginate to BSA enhanced permeate ﬂux
loss (fouling), which conﬁrms the synergistic interactions between the
two foulants. An attempt to unpack the mechanisms is made in sub-
sequent sections.
3.4. Organic fouling with three co-foulants
Upon determining the combined eﬀect of alginate and BSA on
permeate ﬂux loss, the next step was to investigate the inﬂuence of OA
and HA when added to the feed solution containing alginate and BSA.
Thus, the more complex feed solutions comprising of a mixture of three
foulants were then treated using the TFC membrane. Fig. 3a) shows that
the mixture of alginate, humic acid and octanoic acid had an almost
constant ﬂux over 24 h of ﬁltration without any noticeable ﬂux loss.
This result was again beyond expectations since alginate and humic
acid in the presence Ca2+ have been reported to worsen fouling due to
the formation of HA-Ca2+, ALG-Ca2+and ALG-HA complexes, as the
formed fouling layers act to increase resistance to permeate ﬂow
[41,45]. The explanation for this could be that the Ca2+concentration
was ineﬀective in causing complete complexation of the foulants
(80mg/L ALG and 200mg/L HA), thus aggregate formation was in-
signiﬁcant (the macromolecules were stable in the feed solution) and
the foulants remained in the bulk solution rather than being deposited.
This explanation is backed by the ﬂux loss curves given in Fig. 3b)
which shows that an increase in permeate ﬂux loss when the Ca2+
concentration was increased to 2mM. Calcium ions enhanced the al-
ginate–alginate interactions which led to complexation and their sub-
sequent deposition on the membrane surface.
A clear decline in permeate ﬂux loss was recorded when the TFC
membrane was used to ﬁlter the mixture of alginate, octanoic acid and
BSA. Permeate ﬂux decline rate was slow at the initial stages (within 5 h
of ﬁltration), followed by a fast decline the entire experiment (Fig. 3a).
The permeate ﬂux decline trend was similar to that of the mixture of
alginate and BSA, an indication that octanoic acid did not contribute to
ﬂux loss. However, excessive ﬂux loss was observed when humic acid
was added to the mixture of alginate and BSA. The permeate ﬂux loss
rate was so rapid that it dropped to 10% in the ﬁrst 10 h of ﬁltration and
0 5 10 15 20 25
0.0
0.2
0.4
0.6
0.8
1.0
ALG
BSA
ALG + BSA
Fig. 2. Permeate ﬂux loss trends due to fouling by a mixture of alginate and BSA in the
presence of Na+ and Ca2+.
Time (h)
0 5 10 15 20 25
o
0.0
0.2
0.4
0.6
0.8
1.0
ALG+HA+OA+1 mM Ca2+
ALG+OA+BSA+1 mM Ca2+
ALG+BSA+HA+1 mM Ca2+(a)
0 5 10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
ALG+HA+OA+1 mM Ca2+
ALG+HA+OA+2 mM Ca2+
(b)
Fig. 3. Permeate ﬂux loss trends due to fouling by model organic foulants representative
of EfOM fractions: a) ﬂux loss curves due to mixtures of 3 organic foulants in the presence
of Na+ and Ca2+; b) ﬂux loss curves showing the inﬂuence of Ca2+ concentration on ALG
and HA complexation.
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the “steady state” ﬂux point was also reached at about the same ﬁl-
tration period. Therefore, humic acid enhanced membrane fouling in
the presence of BSA and alginate. This suggests that there were fa-
vourable interactions between the organic foulants that led to excessive
deposition rate onto the membrane surface resulting on a thick and
resistant cake layer which enhanced permeate ﬂux loss. The diﬀerences
observed in the ﬂux decline rates due to the various feed compositions
could be attributed to the diﬀerent foulant–foulant and foulant-mem-
brane interactions during ﬁltration, which then led to diﬀerent fouling
layer properties. These ﬁndings support those of earlier studies that
humic acids, polysaccharides and proteins are the most signiﬁcant
foulants during wastewater reclamation and the FO membrane process
was no exception [25,31,44].
3.5. Composition of fouling layers
The composition of the fouling layers were then studied with
ﬂuorescence excitation-emission matrix to identify the dominant EfOM
fractions responsible for fouling layer formation. Fig. 4 shows the ex-
citation-emission spectra for the diﬀerent model foulants and their
mixtures. The recorded maximum excitation/emission wavelengths
(λex/em) were 250/500, 250/450 and 200/400 nm for BSA, alginate and
humic acid respectively. There was a clear shift on both the maximum
excitation and emission wavelengths of the resulting spectra when the
foulants co-existed in the feed solution as shown in Fig. 4. The ﬂuor-
escence analysis further provided proof that interactions amongst the
organic foulants results in modiﬁcation of chemical properties leading
to new excitation/emission regions which led to the observed fouling
mechanisms and fouling layer structural properties. The spectra re-
sulting from the foulant mixtures revealed contour regions that can be
attributed to aromatic proteins and soluble microbial by products re-
presented by alginate [45–49], suggesting that the fouling layer was
dominated by polysaccharides and proteins.
3.6. Foulant-foulant interaction mechanisms
3.6.1. Fouling layer physicochemical properties
The understanding on the synergistic interactions between alginate
and BSA was developed by conducting sequential fouling tests. The
morphology and topology of the clean and fouled TFC membrane were
studied using scanning electron and atomic force microscopy culmi-
nating to the micrographs displayed in Fig. 5. SEM images reveal that
the membrane surfaces were completely covered with a gel layer after
ﬁltration of the three feed solutions as a result of the extensive de-
position of alginate and BSA. There were no visible morphological
diﬀerences amongst the formed fouling layers. However, analysis with
AFM showed that their topologies vary based on roughness. The gel
layer resulting from the mixture of alginate and BSA had the least rough
topology (Ra=91 nm) compared to that of the sequential fouling
which translates to a tight gel layer conﬁguration that had higher re-
sistance to mass transfer. Whilst the deposition of alginate after BSA
resulted in the roughest layer (Ra= 183 nm).
3.6.2. Sequential fouling: membrane fouling mechanisms
This section discusses the sequential fouling phenomena in a bid to
further identify foulant–foulant interactions and understand their in-
ﬂuence on fouling and cake layer formation during ﬁltration of complex
feed streams. Alginate and BSA were used to perform sequential studies
based on their fouling behaviours observed in the previous experi-
ments. Fig. 6 shows the ﬂux decline curves during sequential fouling
with alginate and BSA. The fouling curves were representative of the
single foulants: a high initial ﬂux loss rate was observed for alginate and
the delayed initial ﬂux loss associated with BSA fouling. When the
membrane was ﬁrst fouled with BSA then followed by alginate, the
membrane initial permeate ﬂux was completely recovered followed by
a fast ﬂux loss. The permeate ﬂux regain can be attributed to the
cleaning eﬀect and the lowered feed osmotic pressure induced by the
fresh alginate feed solution. It also shows that the BSA multiple layers
are poorly attached on the membrane surface which is typical of the
forward osmosis process due to the lack of external hydraulic force
Fig. 4. Excitation − emission spectra of EfOM fractions collected from fouling layers.
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[50]. However, permeate ﬂux loss on the second part of the experiment
(the next 24 h) was signiﬁcantly high and was a function of both the
settling of the disturbed fouling layer as well as the formation of a
highly resistant gel layer.
Similar observations were made when the BSA feed solution came
after algninate. About 90% of membrane initial permeate ﬂux was
Fig. 5. SEM and AFM micrographs of the clean membrane and sequential fouling cake layers.
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recovered when the switch was made from alginate to BSA, followed by
a quick decline in permeate ﬂux loss towards pseudo-stable ﬂux at
about 36 h. These curves conﬁrms that there is continued deposition of
either foulant when the membrane surface was already covered by the
previous foulant. Implying the adsorption of either foulant on each
other [51]. In terms of electrostatic interactions, it is expected that
attractive forces should be dominant when the two foulants co-exist in
an aqueous solution resulting in micro-aggregate formation which
subsequently led to fouling layer formation.
The changes on membrane surface charge during foulant deposition
was studied using adsorption experiments. The same foulant con-
centration as that used during fouling experiments was used during
adsorption to mimic the fouling experiments. The observed zeta po-
tential curves were representative of the surface charges of the single
foulants (alginate and BSA) (Fig. 7). The TFC membrane exhibited a
negative charge at slightly acidic pH (5.98). Initial deposition of BSA
resulted in a positive surface but the subsequent adsorption of alginate
reversed the surface charge back to negative, suggesting that alginate
got adsorbed on the BSA multilayers. A similar observation was made
when the order of fouling was reversed. Therefore, these observation
also reinforces our earlier hypothesis that there are favourable inter-
actions between alginate and BSA that promote membrane fouling
during wastewater treatment.
3.6.3. Surface free energy determinations
The clean TFC membrane recorded the lowest water contact angle
of 30.7 ± 2.2°, which classify its surface as hydrophilic. The presence
of the combined alginate-BSA gel layer on the surface completely
modiﬁed the surface to the lower end of hydrophilicity as per the angles
listed in Table 3. The resulting fouling layer from the sequential fouling
resulted in similar electron donor functionality.
The presence of fouling layer clearly modiﬁed the surface of the
membrane by lowering both the electron donor and acceptor func-
tionality and slightly increasing the Liftshitz-van de Waals component
an observation corroborated by the increased measured water contact
angles. The reduced surface hydrophilicity contributed to the lowered
permeate ﬂux during ﬁltration, which implies that long-term ﬁltration
of such feed streams would not be ideal due to the excessive fouling
resulting in poor water recovery rates. The fouling layers formed
through sequential fouling using alginate and BSA had diﬀerent phy-
sicochemical properties. The fouling layer terminated by BSA was more
hydrophilic (44.1°) compared to that terminated by alginate (58.5°).
These observed diﬀerences in fouling layer properties further conﬁrms
the eﬀect of foulant interactions that contribute to fouling layer for-
mation.
3.6.4. Inﬂuence of foulant ratios on permeate ﬂux loss
The interactions between foulants were further studied by varying
the concentration ratio of alginate and BSA. Fig. 8 shows that there is a
clear diﬀerence between the two trends, the change in concentration
between alginate and BSA have an inﬂuence on fouling behaviour.
When the concentration of alginate is double that of BSA, severe ﬂux
loss was recorded. These fouling trends were further corroborated by
the aggregate sizes shown in Fig. 9 across the ﬁltration duration.
It has been clearly demonstrated in previous sections that the mix-
ture of alginate and BSA exacerbated membrane fouling. However,
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Fig. 6. Permeate ﬂux loss proﬁles resulting from sequential membrane fouling using
Alginate and BSA during simulated wastewater reclamation.
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Fig. 7. Membrane surface charge as a function of foulant adsorption during simulated
fouling experiments.
Table 3
Surface free energy components of clean and fouled membrane surfaces.
Sample Water contact
angle
γLW Surface free energy components
γ+ γ− γAB γTOT
TFC membrane 30.7 ± 2.2 35.1 3.0 38.5 21.5 56.5
ALG-BSA 44.1 ± 2.6 39.9 2.5 24.5 15.7 55.7
BSA-ALG 58.5 ± 3.9 38.4 0.096 24.4 0.0074 41.5
BSA+ALG 71.8 ± 4.3 41.0 0.26 9.1 3.08 44.1
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Fig. 8. Inﬂuence of alginate: BSA ratios on permeate ﬂux during simulated wastewater
reclamation.
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what could be drawn from this section is that during combined fouling
the resultant layer is dominated by alginate macromolecules. Thus,
when the concentration of BSA was doubled (when BSA molecules are
dominant) fouling is less. This is due to the diﬀerences in adhesion
energies between the foulants and the membranes [36]. When alginate
and BSA exist in the ratio of 1:1.25, (the preferred ratio used in this
study) in the latter stages of ﬁltration (after 7 h) the fouling process is
mainly governed by alginate aggregates.
The aggregate size generally increased with ﬁltration duration, as
the concentration of solutes increased in the feed streams. The denser
aggregates should be deposited easily on the membrane surface form a
thick fouling layer. This graph (Fig. 8) give an idea of the fouling layer
formation during combined foulant fouling, at the initial stages fouling
was set-on by the smaller aggregates forming a thin uniform layer
which was eventually covered by larger aggregates.
It has already been established that alginate and BSA interact to
form hybrid aggregates, thus the changes in aggregate sizes: there was
more aggregation in the retentate solution when the concentration of
alginate was doubled; rising from 175 to 370 nm during the ﬁltration
period. As a result there was more permeate ﬂux loss was recorded
when this feed composition was used implying a faster deposition rate
of gel aggregates that formed a more hydrostatic fouling layer.
However, when the concentration of BSA was doubled, the particle size
did not change signiﬁcantly; starting at 200–275 nm in 24 h. It can then
be inferred that the smaller particles has a relatively lower deposition
rate and so eﬀective permeate ﬂux was maintained over an extended
period yielding higher water recoveries.
These results imply that in the case of the mixture of poly-
saccharides and proteins fouling severity depends on foulant–foulant
concentrations as well as interactions. And the variations feed compo-
sition brings about diﬀerent interactions that lead to diﬀerent trends of
fouling mechanisms. The discussed results clearly demonstrated the
synergy during combined fouling comes from alginate-BSA interactions
that favours the formation of resistant cake layer on membrane surface
[52].
4. Conclusions
A series of fouling experiments using various feed compositions was
conducted to determine the fouling behaviour of the commercial TFC
membrane when used to ﬁlter feed streams that simulate treated was-
tewater eﬄuents. Fouling tests using model organic foulants re-
presentative of the individual EfOM fractions (HA, ALG, BSA, OA) in-
dicated that intensive ﬂux loss was mainly caused by carbohydrate and
protein-like fractions through gel-layer formation and multiple layer
adsorption. It was revealed that diﬀerent fouling mechanisms were
responsible for the individual foulants, and that informed our in-
vestigation into combined foulant feed streams. Fouling due to BSA
deposition was in a two-stage ﬂux decline proﬁle characterised by the
initial constant ﬂux stage of monolayer adsorption followed by the
rapid ﬂux loss due to multiple BSA layer formation on the membrane
surface.
When alginate and BSA were co-existed in the feed solution more
severe permeate ﬂux loss was observed compared to that caused by
either foulant. This was evidence of the existence of synergistic eﬀects
between the two foulants through electrostatic and hydrophobic in-
teractions that led to the formation of alginate-BSA aggregates; these
aggregates were readily deposited on the membrane surface under high
permeation drag. The nature and extent of these interactions had an
eﬀect on the fouling layer structure and its role in permeate ﬂux loss.
The much more complex feed solution of ALG + HA and BSA caused
excessive ﬂux loss due to the presence of favourable organic–organic
interactions that led to a dense cake layer that retarded permeate ﬂow.
The presence of cations, particularly Ca2+, aggravated alginate fouling
through gel-layer formation that creates resistance to permeate ﬂow.
Forward osmosis can be used as a treatment process for treated was-
tewater eﬄuent, where the foulant concentrations are less than in our
simulated experiments, and the resulting fouling is reversible.
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